1. Introduction {#sec1}
===============

Bioconversion of lignocellulosic biomass into fermentable sugars is the common process for the production of biofuels or bioproducts. It can not only recycle low-value materials such as crop straw, wood chips, etc. to avoid environmental pollution due to their casual abandonment and combustion but also produce high-value-added products like biofuels, which can substitute fossil fuels to reduce greenhouse gas emissions and guard the national energy safety.^[@ref1],[@ref2]^ Lignocellulose is mainly composed of cellulose, hemicellulose, and lignin, which are linked with each other via covalent and noncovalent bonds to endow lignocellulose with recalcitrance to microbial and enzymatic attack.^[@ref2],[@ref3]^ A pretreatment, that destroys the compact structure of lignocellulose to facilitate the access of enzyme to holocellulose is the prerequisite step for obtaining efficient enzymatic hydrolysis of lignocellulose (EHLC).^[@ref4]−[@ref6]^ The addition of promoters has been a supplemental approach to further improve the enzymatic digestibility of lignocellulose.

A nonionic surfactant (NIS), one of the promoters having significant ability to enhance EHLC at low loadings, has been receiving more and more attention.^[@ref7]−[@ref10]^ However, the mechanism of NIS in enhancing EHLC has been controversial. Initially, it was pointed out that the NIS aided cellulase to desorb from cellulose to make more free cellulase to participate in cellulosic hydrolysis.^[@ref11]−[@ref13]^ Disrupting the substrate structure as well as stabilizing and stimulating enzyme activity were further thought as the positive influences of NIS on enzymatic hydrolysis of cellulose.^[@ref14],[@ref15]^ Nevertheless, Eriksson et al. found that NIS hardly played any role as a substrate disrupter, an enzyme stabilizer, and an effector and explained that NIS improved EHLC by reducing the unproductive adsorption of the enzyme onto lignin.^[@ref16]^ This has become the mainstream viewpoint,^[@ref17]−[@ref20]^ but there have been still different theories on NIS improving EHLC. Rocha-Martín et al. observed that PEG4000 could promote the enzymatic hydrolysis efficiency of microcrystalline cellulose more significantly than that of steam explosion-treated crop straw and pointed out that the improvement effect of NIS on glucose release during enzymatic hydrolysis of pretreated lignocellulose had hardly any relation with lignin.^[@ref21]^ Seo et al. studied the influence of Tween20 on enzymatic hydrolysis of pine wood chips with different lignin contents and concluded that the crucial role of Tween20 in enhancing the enzymatic hydrolysis efficiency was to increase the effective accessible surface of cellulose to cellulase.^[@ref22]^ Our previous study also showed that NIS benefitted the adsorption of cellulase onto sugarcane bagasse (SCB) samples containing different lignin contents and their purified lignin,^[@ref23]^ which was obviously different from the viewpoint of Eriksson et al.^[@ref16]^ that NIS blocked the adsorption of cellulase onto lignin. We proposed that NIS could promote the access of cellulase to cellulose via reducing the solid--liquid interfacial tension, and lignin might not play a key role in adsorbing cellulase but hinder the contact between cellulase and cellulose.^[@ref23],[@ref24]^ Several researchers also claimed that intensifying the accessibility of cellulose to cellulase was more important than lignin removal to facilitate EHLC.^[@ref25]−[@ref27]^ In addition, some studies indicated that the impact of NIS on cellulosic hydrolysis would depend on the types of substrates and pretreatment methods.^[@ref18],[@ref28],[@ref29]^

Our previous findings were obtained with SCB containing various lignin contents as materials,^[@ref23]^ which might have limitations in concluding that the increase of cellulose accessibility was the reason for the improvement of cellulosic hydrolysis by NIS. To further support the previous conclusion, in this study, solid wastes of herbaceous and woody plants were selected as the materials and treated with diluted sulfuric acid (H~2~SO~4~) and sodium hydroxide (NaOH) to investigate the effect of lignocellulosic features on NIS impacting EHLC. It also preliminarily showed that blocking the adsorption of cellulase onto lignin could not be thought as the main reason for the improvement of EHLC by NIS.

2. Results and Discussion {#sec2}
=========================

2.1. Effect of Acid and Alkaline Pretreatment on Chemical Features of Lignocellulose {#sec2.1}
------------------------------------------------------------------------------------

### 2.1.1. Compositional Changes {#sec2.1.1}

The current pretreatment methods can produce two kinds of treated lignocellulose. One is mainly composed of lignin and cellulose, and the other chiefly consists of cellulose and hemicellulose.^[@ref5]^ Acid pretreatment degrading hemicellulose and alkaline pretreatment removing lignin were used in this study. From [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the relative xylan (representing hemicellulose) contents in raw cypress and *Pterocarpus soyauxii* (PS) are 6.5 and 15.3%, respectively, which are less than that in raw SCB, while the relative lignin contents in raw cypress and PS are 11.0 and 22.7%, respectively, which are more than that in raw SCB. This corresponds to the previous reports that the herbaceous biomass (SCB) contains more hemicellulose but less lignin than the woody biomass (cypress and PS).^[@ref6],[@ref30]^ After pretreatment, the relative xylan contents in the three acid-treated materials are much lower than those in the raw materials, and the alkaline pretreatment shows gradually decreased capability to remove lignin from SCB, PS, and cypress. Lignin usually contains three principal phenylpropane units (syringyl (S), guaiacyl (G), and *p*-hydroxyphenyl (H)). It had been pointed out that the lignin in softwood (cypress), which is only composed of G and H units, makes softwood more recalcitrant than herbaceous biomass (SCB) and hardwood (PS) for being treated with alkaline chemicals.^[@ref30]^ The lignin containing S unit seems more vulnerable to alkaline pretreatment.^[@ref31]^ It had been reported that NIS had a slight influence on the enzymatic hydrolysis of lignocellulose with lignin removal.^[@ref16],[@ref32],[@ref33]^ Compared with alkali-treated SCB, the relatively higher retention of lignin in alkali-treated cypress and PS might give more interesting results for the involvement of NIS in the enzymatic hydrolysis process.

###### Components of Raw and Treated Materials[a](#t1fn1){ref-type="table-fn"}

  materials                     solid recovery (%)   glucan (%)   xylan (%)    lignin (%)
  ----------------------------- -------------------- ------------ ------------ ------------
  raw sugarcane bagasse (SCB)                        41.9 ± 0.3   22.8 ± 0.2   23.6 ± 0.2
  alkali-treated SCB            67.3 ± 0.1           37.9 ± 1.0   16.8 ± 0.0   6.6 ± 0.9
  acid-treated SCB              64.0 ± 0.3           38.9 ± 0.6   2.8 ± 0.0    20.3 ± 0.0
  raw cypress                                        38.3 ± 0.1   16.3 ± 0.0   34.6 ± 0.3
  alkali-treated cypress        87.8 ± 0.0           36.6 ± 0.3   14.0 ± 0.0   29.1 ± 2.1
  acid-treated cypress          74.4 ± 0.1           36.1 ± 1.2   4.5 ± 0.2    32.5 ± 0.0
  raw *P. soyauxii* (PS)                             40.0 ± 0.1   7.5 ± 0.1    46.3 ± 0.5
  alkali-treated PS             75.2 ± 0.0           36.9 ± 1.6   6.2 ± 0.3    28.0 ± 0.7
  acid-treated PS               78.4 ± 0.2           35.3 ± 0.0   1.8 ± 0.0    39.5 ± 0.0

Solid recovery was used to calculate the components' contents of treated materials relative to those of the raw materials.

### 2.1.2. Chemical Group Changes Based on Fourier Transform Infrared (FTIR) Data {#sec2.1.2}

The changes in the chemical groups of lignocellulose after pretreatment were detected by FTIR from 400 to 4000 cm^--1^ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf)). Raw SCB and cypress had similar spectrogram patterns as those reported in the literature.^[@ref34],[@ref35]^ Compared with the raw materials, some peaks disappeared and some new peaks appeared after pretreatment ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf)). The most divergent peaks of raw and treated SCB, cypress, and PS from 800 to 1900 cm^--1^ are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, and the peak assignment is shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf). The peak divergence of the three materials is indicated with arrows in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The spectrogram patterns of raw and treated SCB were obviously different from those of raw and treated cypress and PS. As for the raw materials, the peaks at 853, 864, 873, 1204, 1348, 1377, 1441, and 1504 cm^--1^ appeared only in SCB ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). At around 1042 cm^--1^ belonging to the C--O ether bond of the G unit, the raw SCB had one peak, while there were two peaks for raw cypress and PS. The peaks in the range from 1599 to 1659 cm^--1^ were mainly ascribed to the chemical groups of lignin. The same small peaks appeared in raw SCB and cypress from 1632 to 1659 cm^--1^, while the peak at 1605 cm^--1^ was present only in raw SCB and the peaks at 1599 and 1620 cm^--1^ existed only in raw PS. The peaks at 1693 and 1713 cm^--1^ caused by C=O of conjugated aldehyde and carboxyl groups in raw SCB were more obvious than those in raw cypress and PS. The peak belonging to C=O of unconjugated ketone, carbonyl, and ester groups in hemicellulose and lignin shifted from 1738 cm^--1^ for raw cypress and PS to 1730 cm^--1^ for raw SCB and disappeared after acid or alkaline pretreatment, which corresponded to the hemicellulose degradation during acid pretreatment and lignin removal in the alkaline pretreatment process ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The same phenomenon was also observed for acid-treated or alkali-treated SCB in other research studies.^[@ref34],[@ref36]^ As for acid-treated samples, the peaks at 1092, 1123, 1204, and 1695 cm^--1^ appeared solely in SCB and those at 816, 858, 1711, and 1722 cm^--1^ were found only in cypress ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The peaks at 1227, 1269, 1425, and 1454 cm^--1^ for acid-treated cypress and PS were sharper than those for acid-treated SCB. The peaks at 1323 and 1331 cm^--1^ for acid-treated cypress formed a wide peak for acid-treated SCB and PS. All of the different peaks preferably indicated the different chemical groups of lignin for these three acid-treated lignocelluloses ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf)). After alkaline pretreatment, the peaks at 1032 and 1059 cm^--1^ mainly assigned to the chemical groups of lignin for cypress and PS formed a wide peak for SCB in addition to a wide peak for SCB in the range from 1229 to 1265 cm^--1^ due to lignin removal ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The peaks at 914, 1236, and 1244 cm^--1^ existed only in alkali-treated PS, which indicated that acetyl group still existed in lignin of PS after alkaline pretreatment ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf)). The small peaks at 1360 and 1504 cm^--1^ appearing in alkali-treated SCB and PS were absent for alkali-treated cypress, which was probably caused by the S unit of lignin ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf)). The peak at 1391 cm^--1^ present in alkali-treated SCB and cypress was absent in alkali-treated PS, which might be from hemicellulose ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf)). In other words, the raw and treated SCB, cypress, and PS had significantly different compositional contents and chemical groups.

![FTIR spectra of raw and treated lignocelluloses in the range of 800--1900 cm^--1^: (a) raw samples, (b) acid-treated samples, and (c) alkali-treated samples.](ao0c00526_0001){#fig1}

2.2. Effect of Tween20 on Enzymatic Hydrolysis of Treated Lignocelluloses {#sec2.2}
-------------------------------------------------------------------------

### 2.2.1. Effect of Tween20 on Enzymatic Hydrolysis of Unground Treated Lignocelluloses {#sec2.2.1}

There have been several mechanisms to explain the improvement effect of NIS on EHLC, such as facilitating the desorption of the enzyme from a substrate,^[@ref11]^ as an enzyme effector and stabilizer,^[@ref14],[@ref15]^ as a substrate disrupter,^[@ref14]^ blocking the adsorption of the enzyme onto lignin,^[@ref16],[@ref33]^ reducing enzyme deactivation by shear force and at the air--liquid interface,^[@ref37]−[@ref39]^ and so on. Among them, hindering the adsorption of the enzyme onto lignin has become the common mechanism. Kim et al. contrarily pointed out that the enhancement effect of NIS on EHLC had hardly any relation with lignin but depended on the substrate type.^[@ref28]^ Our previous research also found the opposite result that NIS enhanced the adsorption of cellulase onto SCB samples containing different lignin contents and their purified lignin.^[@ref23]^ Because of only one kind of substrate used in the previous study, the reported results might be special for those treated SCB samples. This work prepared acid- and alkali-treated herbaceous biomass (SCB), softwood (cypress), and hardwood (PS) as materials to investigate the effect of Tween20 on EHLC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The alkali-treated materials containing higher relative xylan contents and lower relative lignin contents had higher enzymatic hydrolysis efficiencies than the acid-treated materials ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), which meant that lignin removal was more important than xylan removal to enhance cellulosic hydrolysis. Tween20 could significantly improve the conversion of glucan and xylan in acid-treated SCB to glucose and xylose, respectively, but had negligible influence on the enzymatic hydrolysis of other treated materials ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). It seemed that the impact of Tween20 on EHLC was highly related to the substrate type but not to lignin. From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, it could be found that Tween20 had little impact on the enzyme adsorption of acid-treated SCB, while it reduced the adsorption of enzyme onto acid-treated and alkali-treated cypress and PS. The enzyme adsorption of alkali-treated SCB increased after Tween20 addition, which corresponded to the previous results that Tweens improved the enzyme adsorption of alkali-treated SCB.^[@ref23]^ This indicated that the impact of Tween20 on the adsorption behavior of enzyme onto lignocelluloses first had a relation with the substrate type and then the pretreatment type. SCB, cypress, and PS belong to different types of lignocelluloses that have different compositional contents and chemical groups, and those undergoing various pretreatment methods generate various samples with special components and chemical groups ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). From [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, it can be observed that acid-treated and alkali-treated cypress and PS had a tighter surface structure than acid-treated and alkali-treated SCB, which might hinder the access of cellulase to cellulose. It is inferred that the effect of the compact surface structure on blocking the contact of cellulase with cellulose eliminates the promotion effect of Tween20 on EHLC.

![Effect of Tween20 on the enzymatic hydrolysis of acid-treated and alkali-treated lignocelluloses with and without being ground: (a) glucan conversion of acid-treated lignocelluloses, (b) xylan conversion of acid-treated lignocelluloses, (c) glucan conversion of alkali-treated lignocelluloses, and (d) xylan conversion of alkali-treated lignocelluloses.](ao0c00526_0002){#fig2}

![Effect of Tween20 on the adsorption of enzyme protein onto acid-treated (a) and alkali-treated (b) lignocelluloses with and without being ground.](ao0c00526_0003){#fig3}

![SEM images of raw and treated lignocelluloses.](ao0c00526_0004){#fig4}

### 2.2.2. Effect of Tween20 on Enzymatic Hydrolysis of Ground, Treated Lignocelluloses {#sec2.2.2}

To prove the above inference, all of the treated materials were milled into smaller particles, which would have a slight influence on the chemical groups and compositional contents. After being ground, more pores and cracks appeared on the treated materials ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), and the enzyme adsorption of acid-treated and alkali-treated materials increased ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which indicated that the grinding step further disrupted the physical structure of treated lignocelluloses to facilitate the access of cellulase to cellulose. The efficiencies of enzymatic hydrolysis of ground acid-treated and alkali-treated lignocelluloses were improved, which hinted that the increment of enzyme adsorption was beneficial for enzymatic hydrolysis. After the addition of Tween20, the efficiencies of enzymatic hydrolysis of the ground acid-treated materials were enhanced ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), while the enzyme adsorption of the ground acid-treated materials was weakened, as well as that of unground acid-treated materials ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The impacts of Tween20 on the enzymatic hydrolysis and enzyme adsorption of ground alkali-treated lignocelluloses were similar to those of unground alkali-treated lignocelluloses ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c and [3](#fig3){ref-type="fig"}b). This meant that more release of free enzyme would probably not be the main reason for Tween20 improving cellulosic hydrolysis, but the physical barrier should be the key factor to affect the action of Tween20 on enzymatic hydrolysis. In addition, compared with acid-treated cypress and PS, alkali-treated cypress and PS had larger xylan contents and smaller lignin amounts, which were still more than 30% of relative contents. The grinding step made the surface of treated cypress and PS rougher and led to the formation of cracks ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) and crystallinity reduction ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Tween20 could enhance the enzymatic hydrolysis of ground acid-treated cypress and PS, while it still had no influence on the enzymatic hydrolysis of ground alkali-treated cypress and PS. This indicated that xylan removal might have a relation with the promotion effect of Tween20 on EHLC after the physical structure of lignocellulose was significantly changed. Although alkali-treated SCB contained relatively higher xylan content than alkali-treated cypress and PS, its xylan was degraded more significantly than the xylans of alkali-treated cypress and PS in the enzymatic hydrolysis process ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d).

![Crystallinity index of raw and treated lignocelluloses.](ao0c00526_0005){#fig5}

2.3. Proposed Mechanism of Tween20 in Improving Enzymatic Hydrolysis of Lignocelluloses {#sec2.3}
---------------------------------------------------------------------------------------

It had been observed that lignin extracted with the combination of ball milling and organic solvents (partial original lignin, namely, milled wood lignin, MWL), enzymes and organic solvents (partial original lignin, namely, cellulase enzyme lignin, CEL), or ball milling and enzymes (whole original lignin, namely, milled wood enzyme lignin, MWEL) did have the ability to adsorb cellulase.^[@ref23],[@ref40],[@ref41]^ It was also reported that alkaline lignin could hardly influence the cellulosic hydrolysis^[@ref42]^ and lignin extracted from maleic-acid-treated lignocellulose could improve the enzymatic hydrolysis.^[@ref43]^ This meant that lignin originated from lignocellulose treated with different pretreatment methods would show different abilities to impact enzymatic hydrolysis of lignocellulose. Furthermore, the properties of lignin retained in the pretreated lignocellulose should be different from those of lignin extracted with different chemical reagents. To completely extract the whole original lignin from pretreated lignocellulose or in situ investigation would be more authentic to discover the mechanism of lignin influencing cellulosic hydrolysis. In our previous work,^[@ref23]^ whole lignin was purified from alkali-treated SCB to be applied for exploring the influence of NIS on the adsorption of cellulase onto lignin. It was found that NIS enhanced the cellulase adsorption onto lignin, which was different from the results on NIS reducing the adsorption of cellulase onto MWL and CEL.^[@ref8],[@ref16],[@ref44]^ The improvement of NIS on the whole lignin adsorbing cellulase should be closer to reflect the real mechanism due to the completeness of lignin. Furthermore, in this work, the treated lignocelluloses were used as samples to study the influence of Tween20 on enzymatic hydrolysis and enzyme adsorption. It was found that Tween20 could make more cellulase dissociate from lignocellulosic substrates, but it could not be concluded that hindering the adsorption of cellulase onto lignin was the main reason for Tween20 improving enzymatic hydrolysis because no increase in enzymatic hydrolysis efficiency was observed for unground, treated cypress and PS in the presence of Tween20 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). It was previously found that the relative lignin content in treated lignocelluloses of more than 15% mainly acted as a barrier to the pathway of cellulase accessing cellulose to influence EHLC.^[@ref24]^ Combined with our previous findings,^[@ref23],[@ref24]^ the improvement effect of NIS on EHLC could not be mainly ascribed to the reason that NIS blocks the unproductive adsorption of cellulase onto lignin but was related to the features of the substrate like the compact surface structure and xylan removal. The physical barrier of pretreated lignocellulose might be mainly responsible for affecting the improvement effect of NIS on enzymatic hydrolysis of lignocellulose. Detecting the microstructural changes would be an effective way to further disclose the real mechanism of NIS in affecting EHLC in future works.

3. Conclusions {#sec3}
==============

The improvement effect of a nonionic surfactant on enzymatic hydrolysis of lignocellulose cannot be mainly attributed to the hindrance of the nonionic surfactant on the unproductive cellulase adsorption onto lignin. The compact surface structure and hemicellulose removal can influence the enhancement effect of the nonionic surfactant on enzymatic hydrolysis of lignocellulose. This means that better cellulose accessibility might be the reason for the improvement of enzymatic hydrolysis of lignocellulose by nonionic surfactant. Further work needs to be designed to reveal the way the nonionic surfactant facilitates the access of cellulase to cellulose.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

SCB provided by Pingxiang Fenghao Alcohol Co. Ltd. (Guangxi, China) was ground, and the particles of 0.25--0.85 mm in diameter were sieved out. The sawdust of cypress and *P. soyauxii* (PS) were purchased from <https://www.taobao.com/>. All of the materials were washed with tap water until the wastewater was clear. Then, they were dried in an oven at 60 °C to a constant weight and stored in a desiccator at room temperature. The enzyme containing 191.7 FPU cellulase/g powder assayed by Ghose's procedure^[@ref45]^ was bought from Imperial Jade Bio-Technology, Ltd. (Ningxia, China). Other chemical reagents were analytically pure.

4.2. Pretreatment {#sec4.2}
-----------------

All of the materials were separately subjected to acid and alkaline pretreatments. The acid pretreatment was conducted with 8% (v/v) H~2~SO~4~ at a solid--liquid ratio of 1:10 and 121 °C for 1 h. The alkaline pretreatment was performed with 2% (m/v) NaOH at a solid--liquid ratio of 1:10 and 80 °C for 2 h. All of the treated solid residues were washed with deionized water until a neutral pH was achieved and then oven-dried at 60 °C to a constant weight. Parts of dried treated materials were ground for 2 h with a planetary ball mill (PMQW, Nanjing Chishun Science and Technology Co., Ltd., China). All of the samples were stored in a desiccator at room temperature.

4.3. Enzymatic Hydrolysis {#sec4.3}
-------------------------

Enzymatic hydrolysis with and without the addition of 0.5% (v/v) Tween20 was carried out under the conditions of a solid--liquid ratio of 1:10, 20 FPU cellulase/g cellulose, 150 rpm, and 50 °C for 72 h.

4.4. Enzyme Adsorption {#sec4.4}
----------------------

Enzyme adsorption was conducted under the conditions of 1% (m/v) solid concentration, pH 4.8, and 50 °C for 90 min and measured with Coomassie brilliant blue G250 according to a previous method.^[@ref23]^ The pH of enzyme adsorption must be the same as the enzymatic hydrolysis due to the obvious influence of the pH on the adsorption of the enzyme onto lignocellulosic substrates.^[@ref46]^

4.5. Analytic Methods {#sec4.5}
---------------------

The compositions of materials were analyzed according to NREL's procedure.^[@ref47]^ After being sprayed with gold, the surface morphologies of the samples were observed with a scanning electron microscope (SEM, S 4800, Hitachi) at an acceleration voltage of 2.0 kV. The Fourier transform infrared (FTIR) spectra of samples from 400 to 4000 cm^--1^ were obtained using a Tensor-27 (Bruker Optics, Germany) with a spectral resolution of 2 cm^--1^ and 32 scans. The crystallinity of samples was measured from 5 to 80° at a step size of 0.017° with a wide-angle X-ray diffraction (XRD) instrument (PW3040/60, Philips, Holand) using copper (Cu) as the anode material at 40 kV and 40 mA. The crystallinity index (CrI) was calculated aswhere *I*~002~ is the diffraction intensity of the lattice plane (002) at around 2θ = 22.5° and *I*~am~ is the diffraction intensity of the amorphous area at about 2θ = 18.4°. The sugar concentration after EHLC was detected at 50 °C by a high-performance liquid chromatography (HPLC, Waters 2698) system equipped with a sugar column (SH1011, Shodex). The flow rate of the mobile phase (5 mM H~2~SO~4~) was 0.5 mL/min. The conversion efficiencies of glucan to glucose (CEGG) and xylan to xylose (CEXX) were calculated by [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}, respectively,where *C*~glu~ (g/L), *C*~cello~ (g/L), and *C*~xyl~ (g/L) are the concentrations of glucose, cellobiose, and xylose in the enzymatic hydrolysate, respectively; 0.9, 0.95, and 0.88 are the dehydration coefficients of glucose converted to glucan, cellobiose synthesized to glucan, and xylose polymerized to xylan, respectively; *V* (L) is the volume of enzymatic hydrolysate; *f*~glu~ (%) and *f*~xyl~ (%) are the mass fractions of glucan and xylan in lignocellulose, respectively; and *M*~ligc~ (g) is the mass of lignocellulose. All of the experiments in this study were performed in duplicate.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00526](https://pubs.acs.org/doi/10.1021/acsomega.0c00526?goto=supporting-info).FTIR spectra of raw and treated sugarcane bagasse, cypress, and *Pterocarpus soyauxii* in the range of 400--4000 cm^--1^ (Figure S1) and FTIR peak assignment (Table S1) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00526/suppl_file/ao0c00526_si_001.pdf))
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